Cultures of human epidermal keratinocytes retain many of the characteristics of the tissue from which they are derived, and are therefore useful as an experimental model for studying stem cell properties. The cultures provide evidence that the mechanisms regulating keratinocyte prolifer ation are complex. The dividing cell compartment is heterogeneous, containing some cells with stem cell characteristics and others that may correspond to transit amplifying cells. The overall growth rate of the cultures is influenced by a wide range of growth stimulatory and inhibitory molecules, but it is not clear whether responsiveness to these factors differs between the different subpopulations of dividing cells. Furthermore, keratinocytes are able to express molecules that regulate their own growth. T he cultures are able to achieve at least a partial homeostatic balance between proliferation and terminal differentiation and can regenerate the suprabasal cell layers following injury. Finally, a range of new experimental approaches hold promise for future studies of how keratinocyte proliferation and terminal differentiation are controlled.
Introduction
The epithelial cells of the epidermis are called keratinocytes. They are organized into multiple layers, the deepest of which (the basal layer) is attached to a basement membrane, while the outermost is exposed to the air. The majority of proliferating keratinocytes are located in the basal layer and cells undergo terminal differentiation as they move through the suprabasal layers towards the tissue surface.
Several different stages of epidermal terminal differentiation can be distinguished. During the early stages the postmitotic keratinocytes are metabolically active and increase in size and protein content. Late in terminal differentiation the cells undergo degenerative changes: the nucleus and cytoplasmic organelles are lost and an insoluble protein envelope, the cornified envelope, is assembled at the inner surface of the plasma membrane. These anucleate cornified cells (squames) protect the underlying living layers from desiccation and mechanical damage.
Squames are continually shed from the outer epidermal layers and are replaced through proliferation in the basal layer. A balance between proliferation and terminal differentiation ensures that the epidermis maintains a constant thickness. Further more, the epidermis is able to regenerate and re-establish homeostasis following injury (Pinkus, 1952; Potten, 1981) .
Since the epidermis is renewed throughout adult life and proliferation is confined to a distinct subpopulation of cells, that subpopulation must contain stem cells. Stem cells are defined here as cells that have the capacity for unlimited self-renewal, whose daughters may either be stem cells or else be committed to undergo terminal differentiation and (ultimately) become a squame. Epidermal homeostasis requires that the rate of production of new cells in the basal layer must be balanced by the rate of loss of terminally differentiated cells from the tissue surface; thus, on average, for every stem cell division, one daughter will remain a stem cell and the other will terminally differentiate.
An understanding of how proliferation of keratinocytes is regulated in normal epidermis is important if we are to understand what goes wrong in neoplasia and in benign hyperproliferative disorders such as psoriasis. Experiments in vivo have, for obvious reasons, concentrated on animal, rather than human, epidermis (see Potten & Morris, 1989) . However, the development of methods for recreating human epidermis in culture (see Fusenig, 1986 , for review) makes human keratinocytes accessible for investigation. In this article I shall review what is known about the proliferation of human epidermal keratinocytes in culture and discuss promising directions for future research.
Human keratinocyte cultures
Human keratinocytes from epidermis, or other stratified squamous epithelia, can be grown in culture in the presence of a feeder layer of 3T3 cells and medium supplemented with a range of additives (see below) that prolong the lifespan and increase the growth rate of the cultures (Rheinwald & Green, 1975; Rheinwald, 1980) . After isolation from the epidermis, cells originating from the basal layer attach to the culture dish, divide and give rise to individual colonies of cells. With time, individual colonies expand and adjacent colonies merge with one another, displacing the feeder cells. At confluence each dish is covered with a continuous stratified sheet of cells, approximately 6 to 8 layers thick. Human keratinocytes can be passaged several times before they undergo senescence and do not, with rare exceptions (Baden et al. 1987; Boukamp et al. 1988) , undergo spontaneous transformation.
To what extent do these stratified sheets of keratinocytes resemble normal epidermis? They retain the fundamental characteristics of the tissue, in that they are stratified, with proliferation restricted to the basal layer and cells undergoing terminal differentiation as they move through the upper layers (Green, 1980; Watt, 1988) . The overall morphology of the cultures is rather poor compared with normal epidermis; the basal cells tend to be flattened and layers of squames do not accumulate. Nevertheless, culture morphology can be improved substantially by conditions that more closely approximate the normal epidermal environment, such as feeding from below and exposure to air (Fusenig, 1986; Watt et al. 1987) .
Another essential property of normal epidermis is its ability to maintain a balance between proliferation and terminal differentiation and to re-establish that balance following injury (Pinkus, 1952; Potten, 1981) . The kinetics of proliferation and terminal differentiation in culture can be monitored using, as a differentiation marker, involucrin, the major precursor of the cornified envelope. By the criteria of constant cell number and proportion of involucrin-positive cells, homeostasis is achieved approximately four days after confluence, although it is not clear how long it is maintained (Read & Watt, 1988) . If the suprabasal, involucrin-positive cell layers are stripped off (Fig. 1A,B ) the remaining basal layer can regenerate a tissue of approximately the same thickness as controls (Fig. 1C) (Read & Watt, 1988; Jensen & Bolund, 1988) . Thus, cultured epidermis has some capacity for homeostasis and regeneration following injury.
In conclusion, the behaviour of human epidermal keratinocytes in culture resembles normal epidermis sufficiently to provide a useful experimental model in the quest for stem cells.
Heterogeneity of dividing keratinocytes
Before discussing the behaviour of epidermal stem cells in culture, we must consider what is known of their properties in vivo. Kinetic studies suggest that the dividing population of keratinocytes in the epidermis is heterogeneous and that not all dividing cells are stem cells (Potten, 1981; Potten et al. 1982) . A model has been put forward in which the daughters of stem cells that are committed to terminally differentiate nevertheless may go through a limited number of further divisions before becoming post-mitotic; these cells have been called transit amplifying cells (Potten, 1981; Potten et al. 1982) . The existence of transit amplifying cells has profound implications for understanding how proliferation in the epidermis is controlled, since stem and transit amplifying cells might respond in different ways to carcinogens or epidermal wounding.
In order to test models of the kinetic organization of the epidermis, it would be useful to be able to distinguish between stem cells and transit amplifying cells by criteria other than their proliferative capacity. There is some evidence in vivo that the two populations may differ in cell cycle parameters, with stem cells having a longer cycle time and shorter S phase than transit amplifying cells (Potten et at. 1982) . It is also possible that the cells occupy different positions, or 'niches' in the basal layer (Schofield, 1978; Potten, 1981; Lavker & Sun, 1983) . So far no molecular markers of the two types of keratinocyte have been identified.
The fact that keratinocyte cultures eventually senesce after several passages might suggest that stem cells do not exist in culture. However, cultures grafted onto suitable recipients form normal epidermis that survives for years and thus stem cells must persist, at least in early passage cultures (Gallico et al. 1984) . There is, furthermore, strong evidence for proliferative heterogeneity in culture. Subpopu lations of keratinocytes that differ in cell cycle time and rate of DNA synthesis have been identified (Dover & Potten, 1983; Jensen et al. 19856; Albers et al. 1986 ) and withdrawal from the cell cycle has been shown to occur in a specific subset of dividing cells (Albers et al. 1987) . The proliferative potential of individual keratinocytes is inversely correlated with their size (Barrandon & Green, 1985) and may be influenced by their neighbours (Hall and Watt, in preparation) .
Three distinct types of colony are formed by individual keratinocytes in culture (Barrandon & Green, 1987a) . One, known as a holoclone, is distinguished by a high reproductive capacity in the absence of terminal differentiation ( Fig. 2A) . A second, the paraclone, consists of cells which stop dividing after a few rounds of mitosis and undergo terminal differentiation (Fig. 2C) . Meroclones (Fig. 2B ) are a mixture of cells of different growth potential and represent a transitional stage between a holoclone and a paraclone. The transitions from holo-to mero-to paraclone are unidirectional and result in a progressive restriction of growth potential (Barrandon & Green, 1987a) . If the founder cells of holoclones are stem cells and those of paraclones transit amplifying cells this would fit well with the kinetic models of epidermis in vivo (e.g. Potten, 1981) .
Growth stimulators and inhibitors
Proliferation in the epidermis depends not only on the nature and size of the proliferative cell compartment, but also on the growth regulatory molecules to which it responds. A number of careful studies of the growth requirements of human epidermal keratinocytes in culture have identified a range of factors that stimulate growth rate (Rheinwald & Green, 1975; Green, 1978; Boyce & Ham, 1983; AllenHoffmann & Rheinwald, 1984) . Cholera toxin, for example, has a potent effect in increasing the overall rate of cell proliferation and increases the proportion of small cells in the colonies (Green, 1978) . E G F and the related growth factor, TGFar, prolong the number of cell generations before senescence without affecting the growth rate; these molecules act indirectly by stimulating lateral migration of cells in the dividing peripheral zone of expanding colonies (Rheinwald & Green, 1977; Barrandon & Green, 19876) . In contrast to these stimulating effects, TGF/3 inhibits keratinocyte proliferation and causes cells to accumulate in Gi (Shipley et al. 1986) .
Observations of the effect of factors on the overall growth rate of the cultures do not provide information as to how those factors act. Thus, since the dividing population is heterogeneous we need to know whether the different categories of dividing cells respond differently to each growth stimulator or inhibitor (Jensen et al. 1985a) . It is also important to know whether such molecules act by reducing the cell cycle time of cells already in cycle or by recruiting more cells into the dividing population (Green, 1978) .
Evidence for further complexity in the mechanisms regulating keratinocyte proliferation comes from the discovery that keratinocytes synthesize molecules that are known to regulate their own growth. Thus, normal keratinocytes in culture express T G F a and ¡3 and also have receptors for them (Shipley et al. 1986; Coffey et al. 1987; Nanney et al. 1984; Green & Couchman, 1985; Taylor et al. 1985) . Exogenous T G F or stimulates endogenous T G F or synthesis (Coffey et al. 1987 ).
These observations would be compatible with a model of autocrine growth control, as proposed by Sporn & Todaro (1980) .
Co-ordination of proliferation and terminal differentiation: epidermal homeostasis
When the epidermis is in a steady state, such that the rates of cell production and loss are equal, then the probability that the daughter of a stem cell division will enter the terminal differentiation pathway is 1 in 2 or 0-5. This value would be expected to change under some conditions; for example it would decrease during the wave of proliferation that follows injury (e.g. see Pinkus, 1952) .
The differentiation rate and differentiation probability can be calculated for keratinocytes growing as a monolayer in medium containing a low concentration of calcium ions, by measuring the rate of appearance of [3H]thymidine-labelled involucrin-positive cells with time after a pulse of [3H]thymidine. Under those conditions approximately 4 cells per 5000 cells start to express involucrin every hour and the differentiation probability is 0-02, indicating a bias towards self-renewal at the expense of terminal differentiation (Dover & Watt, 1987) . Treatment of cells with TPA, which is known to induce premature terminal differentiation (Parkinson & Emmerson, 1982) causes a dramatic and dose-dependent increase in the differentiation rate (Watt and Dover, in preparation).
Although withdrawal from the cell cycle is the first stage in terminal differen tiation, growth arrest may not be a sufficient signal for induction of differentiation, since, for example, growth arrest by TGF/3 is reversible (Shipley et al. 1986 ) and arrest in [3H]thymidine does not increase the proportion of cells expressing involucrin (Watt et al. 1988) . A number of potential signals for terminal differen tiation have been identified, including cell enlargement (Watt & Green, 1981) and restricted substratum contact (Watt et al. 1988) ; how these signals may be linked is currently the subject of speculation (Watt, 1988) .
The ability of the epidermis to modulate its proliferation and terminal differen tiation rates in response to signals such as wounding argues for some form of communication between the dividing and differentiating cell compartments. In one model put forward many years ago, it was proposed that the terminally differen tiating cells secrete a factor that inhibits proliferation in the dividing cell compart ment; loss of terminally differentiated cells through injury would relieve the inhibition until increased proliferation had restored the size of the differentiation compartment (Bullough, 1962) . One candidate for such a factor is T G F ft: in normal mouse epidermis the level of expression is low, but when the epidermis is treated with TPA, TGF/3 is transiently induced at high levels in the terminally differentiated cells; this coincides with the transient inhibition of DNA synthesis in the basal layer that precedes TPA-induced hyperplasia (Akhurst et al. 1988) . Also of interest is the observation that T G F or transcripts are expressed in all the layers of human epidermis (Coffey et al. 1987) but that EGF/TGFcv receptors are lost from the cell surface during terminal differentiation (Nanney et al. 1984; Green & Couchman, 1985) . A further potential regulator of homeostasis is a pentapeptide, purified from mouse epidermis, that inhibits proliferation of mouse and human keratinocytes in culture (Elgjo et al. 1986; Watt and Elgjo, in preparation) . Finally, since junctional communication is lost during terminal differentiation, a role in regulating homeosta sis has been proposed for gap junctions (Kam et al. 1987) . Clearly, further experiments are required to test these ideas.
Future prospects
It is clear that there has been some progress towards identifying epidermal stem cells in culture; towards analysing the factors that regulate their proliferation; and towards discovering how proliferation and terminal differentiation are co-ordinated. Several new experimental tools offer promise for future research. These include retroviral lineage markers (Price, 1987) ; keratinocytes in which terminal differen tiation is partially or completely blocked (Rheinwald & Beckett, 1980; TaylorPapadimitriou et al. 1982; Adams & Watt (1988) ; and immortal lines that nevertheless contain cells capable of undergoing terminal differentiation (Baden et al. 1987; Boukamp et al. 1988) . For example, retroviral vectors carrying bacterial ¡3-galactosidase as a marker gene can be introduced into keratinocytes and their progeny identified using a histochemical stain for ^-galactosidase ( Fig. 3 ; Price et al. 1987; Hall and Watt, in preparation) ; this allows analysis of the fate of the progeny of individual cells without having to work with isolated clones. Such approaches may shed light on the old question of the extent to which stem cell divisions are driven by an internal clock or subject to environmental regulation (see Wolpert & Lillien, 1989; Raff, 1989) . 
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